In patients with moderate COPD, the six-minute walk test, incremental shuttle walk test and endurance shuttle walk test elicited a similar peak rate of oxygen uptake and heart rate response as a ramp cycle ergometry test, demonstrating that both self-and externally-paced field tests progress to high intensities.
INTRODUCTION
In people with COPD, impaired lung 1 and peripheral muscle function compromise exercise capacity. 2 Accurate assessment of exercise capacity yields prognostic information 3 and has important implications for an individual's clinical management such as evaluating the response to an intervention and prescribing exercise training intensities capable of inducing adaptation. [4] [5] [6] Laboratory-based incremental cycle ergometer tests (CET) are generally accepted as the gold standard for quantifying exercise capacity. 7 Such tests are, however, costly and require sophisticated equipment and resources that are not available in all facilities or to all clinicians. Therefore, field walking tests are often used. 8, 9 Such tests are reproducible after one practice walk 10, 11 and responsive to exercise training. [12] [13] [14] However, it is unclear how the peak cardiorespiratory responses during walking tests compare with a CET. That is, although the incremental shuttle walk test (ISWT) consistently elicits a similar peak rate of oxygen uptake ( 2 O V  ) and heart rate as a CET, 15-18 the 6-minute walk test (6MWT) elicits similar peak responses in some 16, 18, 19 but not all studies. 17, [20] [21] [22] No study has compared response during the endurance shuttle walk test (ESWT) 10 with the ISWT, 6MWT and CET. Such information is needed to appreciate the physiologic demands of each test, relative to one another. Further, the pattern of sub-maximal cardiorespiratory responses is needed to explain previous findings of higher dyspnea at time points prior to test completion during the 6MWT relative to the ISWT and CET. 16 The primary aim of this study was to compare peak and sub-maximal cardiorespiratory responses during the 6MWT, ISWT and ESWT with a CET in people with COPD. A 7 secondary objective was to report the coefficient of repeatability of gas exchange and breathing pattern variables.
METHODS

Design
This cross-sectional study was approved by the relevant Human Research Ethics 
Study criteria
Participants were eligible for the study if they had a diagnosis of COPD, 24 a smoking history > 10 pack years and were clinically stable (i.e. had not used oral corticosteroids or antibiotics within the preceding two week period). Exclusion criteria comprised evidence of a co-morbid condition that might adversely affect exercise performance, a history of lung surgery, the use of a rollator or long term oxygen therapy or evidence of marked desaturation during exercise (i.e. SpO 2 < 80%) that would have necessitated premature cessation of the test. 7 Most participants were familiar with the 6MWT prior to participating in this study.
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Measurements
Exercise capacity
All walking tests were overseen by two experienced physiotherapists on a quiet, level, enclosed, temperature-controlled corridor. Before and after each walk test, and every minute during the CET, measurements were obtained of dyspnea and leg fatigue using the modified Borg scale. 25 During all tests, breath-by-breath measurements of gas exchange and breathing pattern were collected using a calibrated portable gas analysis system (Cosmed™, K4b 2 , Italy). Arterial oxygen saturation (Nellcor™ Max Fast, forehead sensor, Pleasanton, CA, USA) and heart rate (Polar a1 heart rate monitor, Polar Electro Oy, Kempele, Finland) were monitored continuously.
Walk tests
The ISWTs and ESWTs were performed according to standardised protocols, 10 ,20 modified to include one standardised warning to increase walking speed the first time each participant lagged behind the pace dictated by the audio-signal. 16 The speed selected for the 30 were recorded and measurements were made of height and weight.
The most recent measurements of resting lung function were extracted from the medical notes.
Analyses
Breath-by-breath data were exported to Sigmaplot ® (version 11.0) for analyses. To plot the sub-maximal responses, for every test, measures of
, tidal volume, heart rate and SpO 2 were grouped into epochs equivalent to 10% increments of the total test duration (i.e. deciles) using a twodimensional data transformation. Data collected during the 90 second warm-up and three minutes of unloaded pedaling that preceded the ESWT and CET, respectively, were excluded from analyses. Data collected across both 6MWTs, ISWTs and ESWTs were averaged for analysis, with the exception of those participants who completed the ESWTs at different speeds. In this instance, only data performed at the faster walking speed were used in the analysis.
Before undertaking statistical analysis, a natural logarithmic transformation was applied to all cardiorespiratory variables to improve the extent to which they approached a normal Mauchly's test indicated that the assumption of sphericity was violated, and therefore the degrees of freedom were corrected using Huynh-Feldt estimates. P-values ≤ 0.05 were considered significant.
Repeatability of variables collected on completion of the walk tests was assessed using methods of Bland and Altman. 31 We calculated the bias, defined as the mean difference between two 6MWTs, ISWTs and ESWTs as well as the coefficient of repeatability, 19 using a paired t-test.
RESULTS
Of the 33 individuals who consented to participate in this study, 5 (15%) were unable to tolerate the mask for portable gas analysis equipment, 1 (3%) was withdrawn due to hypertension, and 1 (3%) withdrew. Data from 2 (6%) individuals was ineligible due to equipment failure. Characteristics of the 24 participants who completed the study are summarised in Table 1 .
Incremental shuttle walk tests were performed before 6MWTs by 13 (54%) participants.
Three (12%) participants rested during the 6MWT. The ESWT and ISWT were each performed only once by one participant (4%) due to an abnormally high end-test heart rate.
A higher walking speed was selected for the second ESWT in 5 (21%) participants.
Performance during each test is summarised in Figures 1a to 1f , reflects the metabolic load associated with the warm-up period and unloaded cycling that preceded the ESWT and CET, respectively.
The bias and coefficient of repeatability for gas exchange and breathing pattern variables collected during each walking test are presented in Table 4 . Compared with data collected 13 during the ISWT, the coefficients of repeatability tended to be narrower for data collected during the 6MWT and ESWT. 36 Regarding the pattern of response, cardiorespiratory variables during the ISWT and CET increased in a linear pattern reflecting the incremental increase in power 17 whereas the cardiorespiratory response to the 6MWT and ESWT was characterised by a similar magnitude of exponential increase over the first 50% of the test, followed by a relative plateau in response. 34 Figure 1c demonstrates that at time points before test completion, E V  was higher during the 6MWT
DISCUSSION
and ESWT, compared with the ISWT and CET; data that support a previous finding of greater dyspnea during the 6MWT at time points before test completion, compared with incremental test protocols. 16 It appears that performance during the 6MWT and ESWT was influenced by the capacity of an individual to tolerate near maximum levels of
The repeatability of cardiorespiratory measures collected at the end of the walking tests was similar to that previously reported for variables measured on completion of CET. 29 The
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somewhat wider coefficients for measures collected during the ISWT, relative to the 6MWT and ESWT, is likely to reflect that any increase in performance during the ISWTs resulting from familiarisation may have necessitated an increase in walking speed and considerable increase in cardiorespiratory demand. In contrast, the coefficients of repeatability calculated for data collected during the ESWT pertain only to tests during which the participants walked at identical speeds and there was a trivial difference in walking speeds during the two 6MWTs. A practical application of these data is that, following an intervention, to be 95% confident that any difference in cardiorespiratory response collected during the 6MWT, ISWT or ESWT was not simply due to normal variability inherent in these tests, the magnitude of change must exceed the coefficient of repeatability.
Limitations
As we excluded those who required long-term oxygen therapy or ambulatory aids, our results may not extend to these individuals. It is possible that the use of a treadmill rather than cycle ergometer would have allowed the participants to achieve greater a 2 O V  peak during the laboratory test. 36 Nevertheless, the CET was chosen as it is the most common laboratory-based cardiopulmonary exercise test in people referred to pulmonary rehabilitation. 12 We did not collect measures of inspiratory capacity and therefore cannot comment on differences in hyperinflation among the tests. Although a similar number of participants completed the 6MWT or ISWT during the first assessment session, practical 17 issues (e.g. laboratory availability) prevented full compliance with the randomisation sequence, and it is possible that our results were affected by an order bias.
Conclusions
In clinically stable participants with moderate disease, field walking tests, when conducted according to a standardised protocol, elicited similar peak 2 O V  and heart rate responses as a CET. These data suggest that both self-and externally-paced walking tests progress to very high intensities and therefore appear to provide a basis on which to prescribe training intensities capable of inducing physiologic adaptation.
38,39 CET; †: p < 0.01 vs. CET. The subscripted numbers that accompany the F-statistics refer to the degrees of freedom available for the between and within-group comparisons. 
